Abstract-Slot apertures in metallic ground planes are very attractive candidates for conformal antenna applications. However, a low-profile unidirectional antenna requires a backreflector close to the slot aperture and the resulting stripline feed causes strong excitation of parallel-plate modes. In this paper, we investigate unidirectional reflector-backed slot configurations with parallel-plate mode suppression by shorting pins. Starting from a parametric study with respect to shorting pin location and backreflector distance, we present a stripline-fed rectangular slot element with radiation efficiency of more than 80%, a bandwidth of about 5% at a center frequency of 10 GHz. For increased bandwidth applications, a bow-tie slot element with about 8% bandwidth and radiation efficiency of close to 80% is proposed.
the shorting-pins are close to the slot, the resonant and broadband behavior of the slot is also strongly influenced. If the shorting-pins are too far from the slot, power leaks into the TEM mode and the antenna efficiency is bad. Consequently, the appropriate design of a unidirectional slot element with backreflector and shorting-pin suppression of the fundamental TEM mode is a very challenging task.
Only little information on positioning of vias is found in literature. Some papers are related to stripline-slot-fed patch antennas [17] , [18] . Reference [17] provides a theoretical analysis for vias-slot interaction. In [19] , infinite slot arrays with and without internal cavities were investigated theoretically and it was found that separating cavities are very important for reduced scan blindness.
In this paper, we provide a parametric study on the influence of via and reflector positions on the input impedance of a single rectangular slot element. Then, we present an optimized stripline-fed rectangular unidirectional slot element with a very thin substrate and shorting pin suppression of the fundamental TEM mode similar to a design, which has already been proposed in the mid-fifties [16] . The fabricated slot element has an excellent efficiency and the measurement results are in good agreement with various numerical simulations. Since the simple rectangular slot element has relatively small frequency bandwidth, we investigated several approaches for bandwidth improvement and found that pretty good bandwidth of almost 8% can be obtained with a very simply and also easy to fabricate bow-tie slot geometry. Again, experimental and numerical results are compared.
II. RECTANGULAR SLOT ELEMENT
The geometry of the investigated rectangular slot element is depicted in Fig. 1 
A. Parametric Study of via Positions and Reflector Distance
For the parametric study of via positions and reflector distance on the resonance behavior of the rectangular slot element, the stripline was removed and the terminal impedance at the slot center was evaluated with a surface/volume integral equation method for the analysis of planar circuits with additional three-dimensional components embedded in a multilayered medium of infinite extent [20] , [21] . Thus, the layered medium environment is analytically considered by its spectral domain Green's function and only the magnetic surface currents in the slot aperture as well as the electric via currents (modeled as volume currents) must be discretised. The slot is excited by a magnetic -gap voltage source being equivalent to an electric current source across the center of the slot. Numerical results for the input impedance of the slot are shown in Figs. 2 and 3 with respect to via-slot distance x0 and reflector-slot distance d. The curves for the real and imaginary parts of the input impedance show a typical resonator behavior. The frequency of the first resonance, i.e. the frequency corresponding to the peak input resistance, increases with decreasing via and reflector distances. The peak resistance decreases and broadens with decreasing via distance. Obviously, the effective length of the slot is reduced if the vias move toward the slot or if the reflector moves toward the slot. Similarly, from the imaginary part of the slot impedance it is seen that the slot quality factor reduces for decreasing distances between slot and vias. Overall, reflector and vias cause a shift of the input impedance to the inductive 0018-926X/$20.00 © 2005 IEEE regime. If the reflector or the vias are too close to the slot, the slot does no longer resonate on its whole length. The distance y 1 between neighboring vias was found to be not very crucial for the antenna behavior as long as it does not exceed about 0.1 wavelength.
B. Single Slot Element
The rectangular slot element with stripline excitation according to Fig. 1(a) was designed using Agilent's ADS2003A Momentum (ADS), where metallization (copper) and dielectric losses were typically considered in the simulations. A tuning stub is used to optimize impedance matching. In order to reduce the number of degrees of freedom, the width of the feed line was chosen according to 50 characteristic impedance. A single slot element with dimensions as described in the previous section was fabricated on a Rogers Duroid 5880 substrate.
The slot is centred on a 90 mm 2 90 mm square plate and the stripline is fed by coaxial SMA connector. Fig. 4 shows the measured and simulated return loss. Both are in good agreement and the measured bandwidth (return loss < 010 dB) is about 5%. The simulated and measured radiation patterns are shown in Fig. 5 . The simulation results do not show any radiation behind the backreflector, because of the employed planar layered medium model of infinite lateral extent. Due to diffraction at the edges of the square plate, backradiation is of course found in the measured data. An effective suppression of the parallel plate modes by the vias should result in high radiation efficiency and is demonstrated by gain and directivity measurements. Gain is measured by the gain transfer method employing a standard gain horn, directivity is determined by integrating the measured radiation fields over all radiation directions.
The slot was designed to have a theoretical directivity of about 5.15 dB, i.e. the gain of a =2-dipole slot plus 3 dB due to the reflector.
A second design requirement was, that the efficiency should not decrease below about 80% in the band of operation. The measurement results in Fig. 6 show a slightly higher directivity than the simulation data, which might be due to diffraction effects at the substrate edges. The gain curves in Fig. 6 demonstrate that the design requirements have been achieved. An effective parallel-plate mode suppression without deteriorating the slot performance is possible with appropriately optimized locations of the vias. In order to investigate the effect of the finite substrate, we performed further simulations with a fully three-dimensional hybrid finite element boundary integral (FEBI) approach according to [22] that was recently extended by combined field integral equation (CFIE), recursive iterative equation solver, and multilevel fast multipole method [23] . In this method, the volume of the finite substrate is modeled by tetrahedral finite elements and the CFIE involving electric and magnetic surface current densities is applied on the surface of the volume mesh. The radiation pattern obtained with this method is also shown in Fig. 5 and it is seen that the backradiation can be predicted with reasonable accuracy.
III. BOW-TIE ELEMENT WITH ENHANCED BANDWIDTH
Due to the relatively small bandwidth of the rectangular slot element, we investigated design modifications of improved bandwidth. A very simple technique is to widen the slot and the resulting geometry is similar to Brown's and Woodward's bow-tie antenna [24] . They reported a VSWR <2 bandwidth of 2 to 1 for a 0:8 0 (center frequency) bow-tie dipole. A stripline-fed configuration was theoretically discussed with respect to full-wave analysis in [25] , but without parallel-plate mode suppression considerations.
To obtain a matched slot bow-tie with stripline feed and via parallel-plate mode suppression at a center frequency of 10 GHz, we found that its length must be increased to about 0:7 0 . The geometry of the optimized bow-tie slot is shown in Fig. 1(b) . The substrate is the same as for the rectangular slot element. The sidelength of the square finite substrate was chosen to be 100 mm, in order to reduce backradiation due to edge diffraction. In this configuration, the via positions are not in parallel to the bow-tie axis. A very careful design procedure had to be carried out in order to optimize the via positions for the given design requirements. The obtained antenna dimensions are (unit: millimeter): Fig. 7 . The measured 10 dB bandwidth is more than 0.8 GHz, which is considerable more than for the rectangular slot element. The antenna efficiency amounts to about 75-80% in the range of VSWR <2, see Fig. 8 . As in the case of the rectangular slot element, it is found that the measured directivity is slightly larger than the simulated.
IV. CONCLUSION
The influence of shorting pin positions and backreflector distance on radiating slot apertures was investigated. It was found that parallelplate mode excitation at the slot-feed can effectively be suppressed by shorting pins. However, the via positions must be carefully optimized since the slot resonating behavior is easily destroyed if the vias are too close to the slot. A stripline-fed rectangular unidirectional slot element with an efficiency of more than 80% and 10 dB-bandwidth of 5% at 10 GHz center frequency was designed and fabricated. An increased bandwidth slot antenna element with 10 dB-bandwidth of 8% and radiation efficiency of close to 80% was obtained by choosing a bow-tie like geometry.
